Adrenocortical insufficiency was produced in rat fetuses by surgical decapitation. These animals show low plasma corticosterone levels compared to littermate controls. Lung slices from anencephalic fetuses were found to have reduced incorporation of ['4C]choline into phosphatidylcholine, hence diminished choline pathway activity; this abnormality was present at 21 days of gestation but not at term. Cholinephosphotransferase (CPT), the terminal catalyst of the choline pathway, also showed diminished activity in lungs of anencephalic fetuses, with a mean of 120 pmol/min/mg protein compared to a control value of 190. Dexamethasone treatment of these animals for 6-12 hr led to enhanced choline incorporation rates. Corticosteroid administration also restored CPT activity and even elevated the enzyme to a mean level (340 pmol/min/mg protein) greater than that found in normal fetuses at 21-22 days of gestation. The early pulmonary biochemical effects of dexamethasone in this model were not accompanied by recognizable ultrastructural changes.
Summary
Adrenocortical insufficiency was produced in rat fetuses by surgical decapitation. These animals show low plasma corticosterone levels compared to littermate controls. Lung slices from anencephalic fetuses were found to have reduced incorporation of ['4C]choline into phosphatidylcholine, hence diminished choline pathway activity; this abnormality was present at 21 days of gestation but not at term. Cholinephosphotransferase (CPT), the terminal catalyst of the choline pathway, also showed diminished activity in lungs of anencephalic fetuses, with a mean of 120 pmol/min/mg protein compared to a control value of 190. Dexamethasone treatment of these animals for 6-12 hr led to enhanced choline incorporation rates. Corticosteroid administration also restored CPT activity and even elevated the enzyme to a mean level (340 pmol/min/mg protein) greater than that found in normal fetuses at 21-22 days of gestation. The early pulmonary biochemical effects of dexamethasone in this model were not accompanied by recognizable ultrastructural changes.
Speculation
It is proposed that glucocorticoids act to influence the timing of l~n~biorhemical development relative to phosphatidylcholin~ svnthesis. Increased amounts of the hormone amear to be suffis e n t but not necessary for this effect since aig'mented choline pathway rates eventually occur in the absence of the corticosteroid stimulus.
The low surface tension achieved during expiration by the pulmonary surfactant system is essential for maintenance of alveolar integrity and prevention of the neonatal respiratory distress syndrome (1, 8) . Synthesis of the major surfactant phospholipid, phosphatidylcholine PC or lecithin (1 ,2-diacyl-sn-glycero-3-phosphorylcholine), is accomplished de novo in fetal lung by incorporation of CDP-choline into 1 ,2-diacylglycerol (7, 9) . Investigations by several groups with many species have demonstrated that corticosteroids influence fetal lung development, leading to early increases in the following: ( I ) functional surfactant (19), (2) PC concentration (1 1). (3) PC synthesis per se from choline (6, l l ) , and (4) the apparent number of osmiophilic lamellar bodies in type I1 pneumonocytes (25). Such maturational changes are accompanied by, and are at least partially attributable to, corticosteroid-mediated induction of cholinephosphotransferase or CPT (CDP-cholinc: 1 -2-diglyceride choline phosphotransferase. EC. 2.7.8.2) (1 1).
Although adrenocortical insufficiency is rarely encountered in developing fetuses, Jost and Picon (18) have described a model of fetal panhypopituitarism which is produced surgically by decapitating rat fetuses prior to the 18th day of gestation. This experimental model has provided considerable information on the role of adrenocorticoids in regulating liver glycogen metabolism (15) and has been employed by Blackburn and associates (2, 3) to investigate fetal lung development. In the latter studies, it has been demonstrated that lungs of anencephalic rat fetuses show: ( I ) morphologic abnormalities characterized by increased cellularity, retarded cytodifferentiation, and a decreased number o f osrniophilic lamellar bodies in type I1 pneurnonocytes; ( 2 ) functional impairment evidenced by an inability of minced lung samples to lower surface tension to normal levels, suggesting surfactant deficiency, and (3) chemical changes, including a decreased concentration of lung phosphatidylcholine and a reduction in the palmitic acid content of isolated PC.
In the present investigation, after confirming the presence of plasma corticosteroid deficiency in decapitated fetuses, we have examined the lungs of such animals biochemically by measuring phosphatidylcholine synthesis in vitro and by determining cholinephosphotransferase. In addition, lung PC production and CPT activity were measured 6-12 hr after in utero administration of dexamethasone and the findings compared with the ultrastructural appearance of lung tissue.
MATERIALS AND METHODS
Pregnant Sprague-Dawley rats with accurately timed gestations (within 12 hr) were obtained from Charles River Laboratories. The animals were anesthetized with ether and subjected to surgery at 16-17 days gestation as described previously (2, 3) . Following decapitation of half the fetuses per litter (the remainder serving as controls), fetuses were generally allowed to develop without further intervention until harvesting. Delivery by cesarean section was carried out between 19.5 and 22 days of gestation (term for this species is 22 days). At the time of death, gestational ages were confirmed by weighing control fetuses and comparing the mean body weight per litter with previously established data on fetal weight as a function of gestational age (2) . The lungs were then rapidly removed and either placed in chilled saline for a few minutes prior to slicing, frozen on dry ice for later enzyme assays, or added to 3 % glutaraldehyde in cacodylate buffer (pH 7.8) for electron microscopic studies. In a limited number of fetuses delivered at the same time of the day (2 PM), blood samples were collected with heparinized capillary tubes, centrifuged; and frozen for corticosterone analysis.
In addition to controls of various gestational ages and untreated anencephalic rat fetuses, a number of the latter animals were administered 1.5 pg dexamethasone by intraperitoneal injection with a Hamilton microsyringe. The glucocorticoid was given at 20.5 or 21.5 days of gestation, at which time the dose is equivalent to 0.4 pglg body weight. on the average. In order to quantitate pulmonary uptake of steroid in groups of animals where lung CPT was to be measured. 0.5 pCi [1.2.4-3H(N)Jdesamethasone (1 mCi/ml. 31.1 Cilmmol) was included per 75-p1 injection. The specific activity of [3H]dexamethasone was determined precisely for each batch of administered glucocorticoid by liquid scintillation counting. Treated fetuses were delivered 6-12 hr after corticosteroid administration and lungs \vere removed and processed for the an'alyses described below.
Lung phosphatidylcholine synthesis was measured in vitro as described in detail elsewhere (10, 11) . Briefly, lung samples \\.ere sliced on a Stadie-Riggs microtome and then placed in a flask containing 4 ml Krebs-Ringer bicarbonate solution at pH 7.4 . After a 5-min preincubation. 2 pCi [14C]choline chloride (60 mCi/mmol) were added and tissues incubated for 1 hr at 37" under 95 % 0,/5 % CO,. Subsequently, lipids were extracted by the technique of Folch et al. (12) and incorpation of isotope into P C was determined with the aid of thin layer chromatography on silica gel H (developing solvent: CHCL3/CH,0H/H20, 130/50/ 8).
Cholinephosphotransferase activities were determined on lung samples frozen at -30' for 1-2 weeks and homogenized in 5 volumes of 0.05 M Tris-HCI (pH 8.0) containing 5 mM E D T A and 1 0 mM dithiothreitol. The enzyme was measured using a technique described elsewhere (10) . Components of the 0.5-ml reaction mixture included 3 0 mM Tris-HCI (pH 8.0), 15 mM MgCI,, 0.002 % Triton X-100, 1 mM 1 ,2-dipalmitoyl glycerol, and 2 mM CDP-choline containing 0.6 pCi/pmol 14C-labeled substrate.
[3H]Dexamethasone was quantitated in lungs from corticosteroid-treated fetuses by scintillation counting of digested tissues. For digestion, 0.3-mI aliquots of 20% lung homogenates were added to glass vials containing 2 ml Protosol and the samples were incubated for 2-3 hr at 55'. After cooling and addition of 1 0 ml Aquasol, the vials were placed in the scintillation counter and allowed to stand until chemiluminescence disappeared; tritium was then measured at 30% efficiency. From the determined specific activity of injected [3H]dexamethasone, the amount of exogenous corticosteroid per lung was calculated to provide an estimate of pulmonary uptake.
Corticosterone was determined in pooled plasma samples collected from the cervical vessels of a limited number of fetuses. Two sample pools sufficient for corticosteroid analyses were obtained from anencephalic animals and two from littermate controls. The competitive protein binding radioassay of Murphy (23) was employed with minor modifications for this measurement. The protein concentration of lung homogenates used for C P T assays was determined by the technique of Lowry et al. (22) . Liquid scintillation counting was carried out in a Beckman LS-255 instrument; counting efficiencies for [3H]dexamethasone and [14C]phosphatidylcholine were determined by internal standardization. Tissues for cytologic studies, initially fixed in glutaraldehyde, were postfixed in buffered 1% osmium tetroxide, dehydrated in ethanol, embedded in Epon, and examined electron microscopically.
RESULTS
The corticosterone concentrations in pooled plasma samples from control and anencephalic fetuses of 20 days of gestation (dg) were 2 6 and 6.9 pg/dl, respectively; corresponding values in fetuses of 22 dg were 28 and 8.5 pg/dl.
Data describing lung phosphatidylcholine synthesis from [I4C]choline are given in Table 1 for groups of animals between 20.5 and 22 dg. It is evident that anencephalic fetuses show a statistically significant ( P < 0.02) reduction in the conversion of choline t o phospholipid. In reviewing our initial findings, however, we noted that a distinct difference existed between decapitated animals of 20.5-21.5 dg as compared to those delivered at term;i.e., in the last few hours of prenatal development. For this reason, the data for anencephalic fetuses were separated into two subgroups averaging either 21 o r 22 dg and additional fetuses were examined at these ages along with three animals of 19.5 dg. Results from such determinations are presented in Figure 1 In an attempt to overcome the metabolic effects of adrenocortical insufficiency, we treated anencephalic fetuses for 6-12 hr with pharmacolo~ic doses of the potent glucocorticoid, dexamethasone. The results of determinations of [14C]phosphatidylcholine formation in lung slices from such animals are shown in Table 1 and in Figure 2 . It is evident that enhancement in choline pathway activity could be achieved using this approach Gestational age ldaysl Fig. 1 . Phosphatidylcholine (PC) synthesis via the choline pathway in lung slices from control and anencephalic rat fetuses of various gestational ages. The pattern of the control fetuses was established with 49 animals (-). mean values observed in 15 corresponding animals given an intraperitoneal injection of dcxamethasone and delivered 6-12 hr later. Brackets indicate SE. with significant increases being demonstrable at both 21 dg (P < 0.001) and 22 dg (P < 0.05). In fact, the mean rate of ["C]choline incorporation in steroid-treated anencephalic fetuses at 21 dg was virtually indentical to that of controls and was even higher ( P < 0.05) at term gestation (5770 ? 750 cpmlmg lung/hr; n = 6) whcn comparcd to thc lcvcl obscrvcd in control lungs. Thus, the group of dexamethasone-injected fetuses as a whole showed significantly higher pulmonary PC synthesis than the cortocosteroid-deficient group (see Table 1 ).
The anencephalic group (--
The results of cholinephosphotransferase determinations in lung homogenates from fetuses of 20.5-22 dg are shown in Table 1 . These measurements revealed that lungs from decapitated animals were considerably lower in mean enzyme activity than controls, but that CPT could be increased significantly by detamethasone injection. Evaluation of tissue tritium content in anencephalic fctuses 6-12 hr after [3H]dcxamethasone injection revealed data indicating an average dexamethasone concentration of 135 pgfmg wet lung weight or 3.44 x lo-' M; this amounts to 4 % of the injected dose. Although all 16 fetuses in this group showed measurable tritium, the levels varicd considerably from animal to animal with the lowest being 3.5 pglmg lung. Evaluation of lung [3H]dexamethasone content as compared to CPT activity suggested a possible correlation or doseresponse relationship. Eight fetuses with estimated dexamethasone concentrations of less than I 0 pgfmg lung tended to show lower enzyme activities with a mean of 290 pmol PC formed/ minlmg protein than the remaining fetuses with corresponding values of 264 pgfmg and 380 pmol/min/mg protein. Nonetheless, graphic comparison of the two parameters failcd to verify a statistical correlation and all dexamethasone-treated ancncephalic fetuses exhibited higher CPT activities than corticosteroid-deficient animals.
Electron microscopic examination of lungs from untreated ancncephalic fetuses revealed impaired cytodifferentiation. as described in detail elsewhere (4) . When such animals were exposed to dcxamethasone for 6-12 hr, their lungs showed no differences in appearance, i.e., no acceleration in morphologic dcvclopment. Of particular interest was the lack of ultrastructural change in alveolar type 11 pneumonocytes.
DISCUSSION
Although it has been established that glucocorticoid administration to fetal animals accelerates pulmonary biochemical "maturation" (8), very little information is available on the state of lung development in fetuses with adrenocortical deficiency. T o study the role of endogenous fetal corticoids. Vidyasagar and Chernick (24) and Kling and Kotas (20) have recently utilized maternal injection of Metopirone to block 11 P-steroid hydroxylase activity and produce glucocorticoid deficiency in rabbit and baboon fctuses, respectively. Their findings on examining fetal lung tissue suggested delayed maturation but were not consistent in terms of effects on surface tension-lowering material. on pressure-volume hysteresis, and on the synthesis. storage. and secretion of phosphatidylcholine. The conflicting obsenations noted with the Metopirone model may be attributable to a number of factors, including inadequate adrenal suppression. cortisol rebound between injections, and the timing of Metopirone administration. The other experimental approach to producing fetal adrenocortical insufficiency by surgical decapitation has proven useful in studies concerned with the biochemical regulation of liver glycogen synthesis in rats (15, 18) . This model permits satisfactory fetal growth (4) and has a counterpart in humans, viz., congenital anencephaly of genetic etiology. A s mentioned previously, studies by Blackburn et al. (2) (3) (4) have demonstrated that fetal anencephaly in rats is accompanied by retarded lung development based on impaired cytodifferentiation, high surface tension of lung extracts, and low pulmonary PC concentration. In the present investigation, we have extended those observations by assessing selected biochemical features of lung differentiation-in late Plasma corticosterone, the principal circulating glucocorticoid of the rat, was measured in representative control and anencephalic fetuses. Whereas control littermates showed levels a p proximating the normal values reported by Cohen (5) . pooled plasma samples from decapitated fetuses of 20 and 22 days of gestation had lower corticosterone concentrations averaging 7.7 pgldl. The fact that circulating corticosteroids are not absent in the latter fetuses can probably be attributed to small but significant transplaccntal passage of steroid from the mother. Maternal adrenalcctomy in association with fetal decapitation has been employed by some (16) to prevent this phenomenon but such a practice leads to increased mortality rates. Since the anencephalic fctuses from the single surgical procedure are low in circulating glucocorticoid and show hypoplasia of the adrenal cortex (17) . we have preferred this approach and model of adrenocortical deficiency. It should be noted, however. that the model lacks hormonal specificity and essentially represents panhypopituitarism. For this reason, responses to hormone replacement are of great importance in assessing the significance of a biochemical abnormality in a target tissue such as fetal lung where corticosteroid receptors are present in high concentrations (13) .
The primary biochemical niechanisni for tle rror*o synthesis of lung phosphatidylcholine. i . e . , the choline incorporation pathway, shows increased activity in normal fetuses during late gestation (7. 10). This pathway was assessed in ancncephalic fetuses using lung slices incubated in the presence of ["C]choline. It was observed (Table 1 and Fig. 1 ) that corticosteroid-deficient animals exhibit significantly reduced choline incorporation at 21 but not 22 days of gestation. In conlparison with control fetuses. the pattern observed represents a delay of approximately 24 hr before enhancement in choline pathway activity occurs. Such a delay is consistent with, and likely the cause of. the lower PC concentration in lungs of these aniriiills at tern1 gestation (3). Treatment of decapitated fetuses itr utcJro with dexnrnctliasone markedly increased the cholinc incorporation rates to nornial levels. Thus, it appears that corticosteroids act to influence the timing of biochemical "diffcrcntiation" relative to PC synthesis.
In keeping with reduced choline incorporation rates. the terminal enzyme of the pathway, cholincphosphotri~nsfcrnse. showed significantly decreased activity in lungs fro111 anencephalic fctuses of 20.5-22 days of gestation. Sincc this abnorniality could be corrected within 6-12 hr by dexamethasone ilijection, and since glucocorticoids have been shown previously to have the capability of inducing CPT (I I), we arc led to c o~~c l u d c that glucocorticoid deficiency was responsible for the low en-zyme activity. These observations therefore support the concept that lung cholinephosphotransferase activity is responsive to corticosteroids (19) . Other enzymes, however, such as lipoprotein lipase (14) . are also increased in lung tissue following corticoid administration and may also serve as important regulatory factors controlling P C biosynthesis in developing lung.
Attempts in the past to establish a dose-response relationship between corticosteroids and the biochemical o r physiologic events of lung maturation have proved difficult (19, 25) . This may be partially attributable to the imperfect techniques used for injecting hormone preparations (1 1, 19) . For this reason, we added [3H]dexamethasone to unlabeled glucocorticoid, measured lung tritium, and estimated the concentration of exogenous corticosteroid in lung tissue. This approach further suggested, but failed to establish, a correlation between the dose injected and the magnitude of enhanced CPT activity. The findings did indicate, however, that cholinephosphotransferase could be augmented with lung dexamethasone levels as low as 1 0 4 M.
Ultrastructural assessment of lungs from steroid-treated anencephalic fetuses did not reveal evidence of enhanced cytodifferentiation 6-12 hr after injection. Accelerated cytodifferentiation, however, can be demonstrated at 22 days of gestation when decapitated animals are injected 4 8 hr earlier with pharmacologic doses of dexamethasone (W. R. Blackburn, unpublished observations). Thus, the sequence of events appears to be such that structural changes temporally follow those of a biochemical nature. These findings, therefore, support the proposal that although a 6-12-hr exposure to exogenous glucocorticoid is sufficient for enzyme induction and choline pathway activation, morphologic development of the respiratory units essential for air breathing, as well as accumulation of lung PC and surfaceactive material, require approximately 4 8 hr (8, 11, 19 ). This temporal relationship seems to be of clinical importance since observations in human studies indicate that adequate functional development of the fetal lung is not evident until 24-48 hr after glucocorticoids have been administered in an attempt to prevent the respiratory distress syndrome of premature infants (8, 21) .
